We have carried out optical spectroscopy of the Wolf-Rayet star EZ CMa during 20 consecutive nights in 1995 January in support of the IUE Mega-project. In parallel with this optical spectroscopy, we also monitored EZ CMa using narrowband photometry. The light curve was found to be remarkably stable when folded with the P \ 3.77 day period, and it had a peak-to-valley amplitude of 0.1 mag.
INTRODUCTION
With the advent of modern detectors and the launch of various space observatories, the observations of early-type stars have increased dramatically, both in quantity and quality. Spectroscopic observations of such stars on a sufficiently long temporal baseline often reveal a high level of spectral variability. In fact, this phenomenon is so common among OB stars, that spectral variability is now widely recognized as one of their fundamental properties.
Intensive spectroscopic monitoring is therefore a powerful tool to collect fundamental information about the physical processes operating in their envelope and to derive the basic properties of the star itself (e.g., Henrichs 1995 ;
Gies, & Bolton Wolf-Rayet (WR) stars are Fullerton, 1996) . no exception, displaying time-dependent spectroscopic variations, frequently accompanied by changes in photometry and polarimetry. The line-proÐle variations (lpv) can be schematically subdivided into two types : (a) Small, stochastic emission peaks of various sizes moving across the optical emission lines away from the line center, which are often attributed to local inhomogeneities in the wind carried out by the global stellar outÑow et al. (Mo †at 1988 ; large-scale spectral variations simultaRobert 1992) ; neously a †ecting a signiÐcant part of the proÐle (e.g., et al. McCandliss 1994) . A periodic pattern in the line-proÐle and photometric variability has generally been found for the stars showing the latter type of behavior. Thereby, binary modulation was naturally suggested as the cause of the observed variability, with the secondary being a compact object (neutron star or black hole ; hereafter c). Indeed, these objects are singlelined, which precludes the presence of a bright OB companion. Furthermore, the existence of WR ] c systems is predicted by the general theory of massive close binary evolution den Heuvel & de Loore & (van 1973 ; Tutukov Yungelson although the theoreti-1973 ; Vanbeveren 1991) , cally expected number is very low Donder, Vanbeveren, (De & van Bever On the other hand, since the timescale of 1997). the variability is comparable with the expected rotation period (a few days), rotational modulation of an inhomogeneous wind has also been suggested to account for the periodic lpv.
The interest in these single-line WR stars showing periodic variations is twofold : (a) An observational constraint for the evolutionary model of massive close binaries comes from the scarcity of WR ] c systems discovered so far, the only unmistakably conÐrmed one being the strong X-ray emitter Cygnus X-3
Kerkwijk et al. Therefore, (van 1996) . the identiÐcation of additional systems would be of considerable interest. (b) Rotational modulation persisting during several cycles would be a strong indication of the existence of a "" wind-photosphere connection ÏÏ in the form of (non)radial pulsations or magnetic Ðelds controlling the wind morphology and dynamics. Because time-resolved, high-quality observations are required, the search for WR ] c systems is severely biased toward the apparently brightest objects and is therefore far from complete (see & Aslanov for the latest review). Cherepashchuk 1984 Among the single-lined WR stars with periodic variations, the WN 5 star EZ CMa (WR 6 ; HD 50896) exhibits the most striking variations. Along with its Ðrmly established periodic nature (P \ 3.77 days), it is usually considered as the most promising WR ] c candidate. As a suspected high-mass X-ray binary (HMXRB), EZ CMa was monitored in the soft X-ray spectral domain (\5 keV) by the Einstein and ROSAT observatories. Despite the paucity of the data, the X-ray Ñux was found to be variable on di †erent timescales : from an hour & Long to (White 1986 ), a day et al. However, the nature of this X-ray (Willis 1994) . variability is far from being completely clariÐed. In particular, criticized the statistical signiÐcance of Pollock (1989) the proposed hourly changes. Furthermore, whereas the Einstein observations showed a signiÐcant phasemodulation et al. this is not apparent in the (Mo †at 1982), recent ROSAT data et al. Presumably, the (Willis 1994) . observations are subject to strong epoch-dependency, just as was found for the optical light curve and UV spectroscopic changes (see below).
The Ðrst visual photometric variability of this object was reported by Subsequent observations estabRoss (1961) . lished the periodic nature of the light variations, as well as its incoherence over several cycles et al. a (Firmani 1980) , result that has been conÐrmed by all recent investigations et al. and references therein). Despite the (Duijsens 1996, various shapes of the light curves, the variations (if any) are always phased with the 3.77 day period. Likewise, the polarimetric curves share this epoch-dependency et (Robert al. 1992) .
EZ CMa was chosen as an IUE target on several occasions. The Ðrst UV-line-proÐle variability was reported by et al. During the Ðrst long-term monitoring Willis (1986) . of this star (seven consecutive days in 1983), et al. Willis noticed a reduced level of variability compared with (1989) some archival spectra, as well as smaller continuum-Ñux variations. The changes occurred mainly in the extreme blue edge of the P Cygni absorption troughs, i.e., at or above the terminal velocity of the unperturbed wind. In an attempt to reveal the presence of a compact companion, the authors searched for evidence of the so-called "" HatchettMcCray e †ect ÏÏ & McCray Basically, the (Hatchett 1977) . presence of a compact companion orbiting within the dense stellar wind will result in a drastic increase of the ionization state of the material in its vicinity. This will lead to the formation of an X-ray photoionization zone, where the radiative force will be quenched Since (Blondin 1994) . the wind of WR stars is assumed to be radiatively driven, the dynamics in this region will be seriously altered. This can lead to a number of directly observed e †ects : (a) Reduction of the wind terminal velocity during the passage of the compact companion in front of the WR component ; (b) phase-dependent variations of the emission part of the proÐles caused by the orbital revolution of the wind cavity around the WR star. The Hatchett-McCray e †ect was observed in some HMXRBs (e.g.,
HammerschlagKaper,
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Since this search was incon-1993). clusive for EZ CMa (albeit a tentative phase-dependent variability with a 1 day timescale was reported), the observed UV changes were ascribed to be intrinsic to the WR wind. A follow-up study based on a 6 day run in 1988 et al. showed a somewhat higher degree of (St-Louis 1993) activity, but nevertheless conÐrmed the conclusions of et al. notably the existence of the 1 day recurWillis (1989), rence timescale. Because the variations in the absorption and emission components of the major UV P Cygni proÐles were not correlated, the linear extension of the material causing the changes was estimated to be of the order of the WR core radius. A di †erent pattern of variability was observed in 1992 et al. The (St-Louis 1994 ; St-Louis 1997) . phase-dependent appearance of an excess in P Cygni absorption at high negative velocities (v º 2000 km s~1) was accompanied by a reduced absorption at intermediate negative velocities (1800 [ v [ 1000 km s~1) . This can also be seen in the 1995 UV observations et al. (St-Louis 1995, hereafter The variability was interpreted as a WRMEGA). rotationally induced crossing in the line of sight of faster and hotter regions of the wind.
The most comprehensive optical spectroscopic study secured so far et al. provided the Ðrst evi- (Firmani 1980 ) dence for the periodic nature of the lpv. The observed phasedependent variations were attributed to the disturbance of the stellar wind by an orbiting companion. The very low mass-function derived from the radial velocity pertur-
combined with a polarization M _ ], estimation of the orbital inclination et al. (McLean 1979) , led to a mass of the secondary typical of a neutron star : 1.32^0.15 also favored the binary M _ . Ebbets (1979) hypothesis with the same conclusion regarding the nature of the secondary. This view was later supported by the detection of high-velocity interstellar lines in the high-resolution spectra of EZ CMa, which were interpreted as revealing the existence of an old supernova remnant in the line of sight of this WR star & Phillips & (Howarth 1986 ; Nichols-Bohlin Fesen However, the possibility of a direct association 1986). is not proven yet, mainly owing to the controversial distance to EZ CMa & Phillips & (Howarth 1986 ; Nichols Fesen Thereafter, a growing number of studies have 1994). questioned the existence of a compact companion, since the radial velocity variations that are supposed to describe a hypothetical binary motion can easily be introduced by large-scale lpv (e.g., et al. et al. Robert 1992 ; St-Louis 1993 ). An alternative approach was proposed by & Underhill Yang who interpreted the observed lpv as a rotation-(1991), al modulation of a ringlike disk connected to the central star by ever-changing Ðlaments.
Despite the wealth of optical spectroscopic data already collected, an investigation based on an intensive timeresolved data set taking advantage of the capacities of modern detectors was still lacking. The IUE MEGA campaign et al. provided a unique opportunity to (Massa 1995) carry out such a study, with 16 contiguous days of observation of three early-type stars : f Pup (O4 If(n)), HD 64760 (B0.5 Ib) and EZ CMa. For the latter, preliminary results were presented in Simultaneously with this WRMEGA. campaign, we have obtained an extensive set of optical spectroscopy and photometry, which will be discussed in this article.
The data acquisition and the reduction procedure will be presented in will summarize our photometric°2 ;°3 (°3.1) and spectroscopic results The possible duplicity of (°3.2). EZ CMa will be discussed in while will be°4.1,°4.2 devoted to an interpretation of the observed variability as rotationally induced. We will discuss the possible existence of localized or large-scale magnetic structures in°4.3. Finally, our main conclusions will be given in°5.
OBSERVATIONS AND REDUCTION PROCEDURE
2.1. Photometry Our photometric data were obtained with the onechannel photometer of the 60 cm Lowell telescope at CTIO (S-20 phototube and cold box 57). In an attempt to follow any possible color variations in the continuum of EZ CMa, two narrowband Ðlters were chosen : one with central wavelength and full width at half-maximum j 0 \ 3650 Ó FWHM \ 100 (u Ðlter), and the other with Ó j 0 \ 5140 Ó and FWHM \ 90 (v Ðlter), the latter being the same as Ó used during the three-month monitoring campaign in 1993 et al. Note that these Ðlters are very close (Antokhin 1994) . to the continuum (u, v) WR Ðlters used by We Smith (1968) . used "" traditional ÏÏ comparison stars, c1 \ HD 50853 and c2 \ HD 50711, in the following sequence of 15 s integrations through an 18A or 25A diaphragm : Èsky(u, v) . The data were reduced using the extinction coefficients derived from observations of all available comparison stars : we have followed three additional objects, HD 5980, HD 64760, and HD 66811. We applied two sets of extinction coefficients :
before 26/27 1995 
. The overall (c2Èc1) accuracy was : p(u) \ 0.0049 mag and p(v) \ 0.0039 mag.
In an attempt to conÐrm the short period, P D 0.11 s, announced as a result of Ðve nights of rapid photometry of EZ CMa in 1993 et al. we have obtained (Marchenko 1994) , a signiÐcantly larger data set, comprising observations 1È2 times per night in the broadband V Ðlter, with 0.02 s time resolution. Every D10 minute record of EZ CMa was immediately followed by the same length record of the comparison star c1 to complete one cycle of fast photometry. In the "" fast photometry ÏÏ column of the number of Table 1 complete cycles is listed for each night. For a given night, two cycles were separated by a 2È4 hr interval.
Spectroscopy
Spectroscopic observations were secured in the interval 1995 January 10È29 at the 60 cm Helen Sawyer-Hogg telescope at the Las Campanas Observatory in Chile. The spectrograph was equipped with a Photometrics PM 512 chip.
In order to obtain a good compromise between resolution and spectral coverage, we selected the 600 lines mm~1 di †raction grating blazed at 4700 in the Ðrst order, Ó which gives 2.2 pixel~1 reciprocal dispersion. We Ó observed EZ CMa over a wide spectral domain in order to characterize the lpv for lines with a broad range of excitation potential, i.e., to probe di †erent line-formation regions. Accordingly, our spectra cover the following regions : 3700È 4800 4450È5550 and 5650È6750 Three consecutive Ó, Ó, Ó. exposures (with unit exposure time ranging from about 50 s in the blue to 120 s in the yellow region) were combined to improve the signal-to-noise ratio, which is typically around 100 in the continuum of the net spectrum. We eliminated any spectrum showing a deviation obviously attributable to an inadequate rectiÐcation procedure or saturated exposures. This resulted in 85, 99 and 62 spectra for each spectral domain, respectively. We did not Ðnd any signiÐcant shortterm (below 5 minutes) variability while grouping the exposures.
The standard reduction procedure (i.e., bias subtraction, Ñat-Ðelding, removal of cosmic rays, extraction of the spectra and wavelength calibration) was carried out using reduction packages. The calibration lamp spectra IRAF4 were taken systematically before the star exposure in order to avoid any Ñexure problems. We used an argon lamp for the Ðrst two spectral regions and a neon lamp for the last one. Since we intended to characterize changes in the line proÐles, which are often of the order of a few percent, the rectiÐcation of the spectra was one of the most crucial steps in the reduction procedure. We have carefully selected Ðve to seven Ðxed wavelength continuum regions for each spectral domain, with an extent varying from 4 to 112 and we Ó, have Ðtted the continuum with a Legendre polynomial of the Ðfth or sixth order.
We used the light curve to eliminate the variability induced by the continuum-light modulation in the following way : First we binned the light curve to 0.01 phase resolution. Then we multiplied all the rectiÐed spectra in accordance to their phase / by where 10~0.4*mv(Õ)~mv(&)+, and are the magnitudes for a given phase / m v (/) m v (min) and at minimum light, respectively. The constant continuum level was subtracted before, and added back in after this procedure. Therefore, the remaining variations should be entirely attributable to the emission lines.
3. RESULTS
Photometry
In we plot the light curve of EZ CMa folded Figure 1 with the P \ 3.77 day period. Because of the extremely small amplitude of the u [ v color variations, we plot only the v Ðlter data ( Ðlled dots). The light curve covers Ðve complete cycles. Its small (for a Ðxed phase) scatter indicates that, during our observations, the 3.77 day periodicity completely dominated the shape of the light curve. Open symbols (middle panel) denote the value 2.5 ] log [F(j 1 ) ] where the wavelengths and
\ (1860^40) Ó the IUE spectrum of EZ CMa. This far-ultraviolet light curve was shifted by a constant value to match the minimum (phases 0.5È0.8) in v light. It is clear that the amplitude increases toward the far ultraviolet. This, along with the fact that the P Cygni absorption component of N V j4604 disappears at / \ 0.1È0.5 strongly suggests (°3.2.2), that the temperature at the base of the wind of EZ CMa increases during maximum light.
Inspired by the positive detection of a short, P D 0.11 s ( f \ 9.048 Hz), period during V -band photometric observations in 1993 et al. which could be (Marchenko 1994), related to the rapid rotation of a neutron star, we performed a more systematic search in 1995. All the D10 minute Marchenko 1994) . Because the orbital parameters of the hypothetical neutron star are not known, any comprehensive search for periodic signals must allow for the Doppler shifts produced by orbital revolution. As a Ðrst approximation, we assumed a circular orbit. Hence, the search for periodicities was performed by varying K (the radial velocity amplitude) and the "" zero ÏÏ orbital phase of the compact companion (the moment when the companion passes in front of the WR star). We have chosen the grid : K \ 100È600 km s~1 with 12.5 km s~1 steps, and orbital phases / D\ 0¡È360¡ with 20¡È15¡È10¡ steps, the larger step applies to the smaller K.
The same procedure was applied to the 1993 data (nine records of EZ CMa). Note that this treatment, which is di †erent from the one used in et al. Marchenko (1994) , might slightly change the previously found frequencies (i.e., f \ 9.048 Hz). There are some encouraging similarities between the 1993 and 1995 data sets. We found signiÐcant signals at :
f \ 1.094 Hz (1993) and f \ 1.096 Hz (1995) for K \ 300 km s~1 ; f \ 1.490 Hz (1993) and f \ 1.487 Hz (1995) for K \ 412 km s~1 ; f \ 1.714 Hz (1993) and f \ 1.699 Hz (1995) for K \ 588 km s~1 ; f \ 1.782 Hz (1993) and f \ 1.796 Hz (1995) for K \ 450 km s~1 ; f \ 2.649 Hz (1993) and f \ 2.650 Hz (1995) for K \ 450 km s~1 ; f \ 9.036 Hz (1993) and f \ 9.038 Hz (1995) for K \ 450 km s~1.
However, practically all the features in the combined spectrum are generated by the individual power spectrum of the record obtained at HJD 2449747.794 under unfavorable weather conditions. When it is removed from the 1995 data set, the combination of the remaining 22 power spectra produces a practically featureless MPS. This casts serious doubt on the signiÐcance of any 1993È1995 similarities. The high degree of activity observed in optical photometry and in the UV spectra is also reÑected (WRMEGA) by our optical data set. The emission lines demonstrate a remarkable level of variability on an hourly timescale. The temporal behavior of these variations is strictly coherent over the Ðve cycles covered by the observations. Excluding N V j4945 (its subtle variations cannot be easily related to the lpv of other transitions), we found that the same variability pattern a †ects all the emission-line proÐles with the possibility of small phase lags. Also, the variability of the He I j5876 emission component is difficult to associate with that of other transitions since this line is severely blended with unresolved telluric and interstellar lines. The degree of variability, however, varies from one line to another. In particular, the characteristics of the helium line or C IV j5806 lpv also apply to N IV j4058, although the changes are more dramatic for the latter. The behavior of three lines, N IV j4058, He II j6560 and N V j4945, is displayed in
The representative proÐles resulting from 0.05- Figure 2 . phase binning are compared with the mean template proÐle (dashed line). This template spectrum was constructed by giving an equal weight to every 0.05 bin, irrespective of the number of spectra in a given bin. The lpv of the helium lines often show recurrent structures with a timescale of about 1 day (see for example the similarity between the proÐles at / D 0.125, 0.425 and 0.725), indicating that nearly the same wind state is encountered three times per cycle. Similarities are also found for proÐles taken about / D 0.2 apart FIG. 2.ÈTime series of (a) N IV j4058, (b) He II j6560, and (c) N V j4945. The rectiÐed spectra were binned to a 0.05 phase interval. The corresponding mean phases are indicated on both sides of this plot. The mean proÐle is overplotted as a dashed line. The intensities are in arbitrary units.
(/ D 0.275, 0.625 and 0.925). Finally, we note the appearance of a well-deÐned double-peaked proÐle at / D 0.8. The similarity of the lpv a †ecting all the transitions can readily be seen in where we present a gray-scale plot of the Figure 3 , residuals from the mean proÐle for three selected lines : N IV j4058, He II j4686 and He II j6560. The pattern of variability can be assimilated to various extra emission components waving around the line center. This complex behavior is somewhat similar to the one found (with a period of 2.27 days) in the He II transitions of the WN 6 star WR 134 et al. It is extremely difficult to follow (McCandliss 1994) . consistently the motion of these individual extra emission features over the entire cycle. Although their motion is readily seen within the velocity range of about^1500 km s~1, an extension of the variability to higher Doppler shifts is discernible up to at least^2000 km s~1 (Figs.  and  3b 3c), which roughly corresponds to the value of the wind terminal velocity (D1900 km s~1 ; Barlow, & Howarth Prinja, & Niedzielski The signiÐcance of 1990 ; Rochowicz 1995). these high-velocity changes will be rigorously demonstrated in°3.2.3.
In order to investigate the dynamics of the extra emission features appearing in we have measured their Figure 3 , radial velocity by determining the wavelength at which the total Ñux of the feature is divided into two equal parts. The results are presented in for He II j6560. Since the Figure 4 emission lines probe the conditions of the wind averaged over the entire stellar envelope, it is likely that overlap in velocity space of di †erent extra emission components, as well as opacity e †ects considerably complicate the observed pattern of variability. It is, however, remarkable that the bluest excursions of these substructures coincide with the occurrence of the brightness maxima at / D 0. 15 and 0.40 (compare Figs. and In particular, no extra emission is 1 4). observed at high negative velocities during minimum light (/ D 0.5È0.8).
In order to quantify the nature of the variability displayed by all transitions at v [ ]2000 km s~1, we have measured the wing intensity of He II j4686 for a Ðxed wavelength (here 4719 which corresponds to v D ]2140 km Ó, s~1 ; the red wing variability reaches a maximum at this velocity, see
The results bear a striking°3.2.3). (Fig. 5 ) similarity with the light curve and suggest a causal relationship. This variability could be partially related to the variations at negative-to-zero velocities brought to the positive domain by electron scattering (Hillier However, 1984 . The variability is mainly restricted to the (Fig. 6 ). uppermost part of the proÐle and seems to di †er from the variations of the "" typical ÏÏ lines discussed above (compare Figs. and between / D 0.525 and 0.675). However, 2b 2c these di †erences do not clearly indicate that this line is not sensitive to the same time-dependent physical conditions as the other transitions. In particular, we note that the linepeak intensity is also enhanced at / D 0.3. FIG. 6 .ÈGray-scale plot of the time series of N V j4945. The rectiÐed spectra were binned to a 0.02 phase interval. The middle panel presents the superposition of the di †erent rectiÐed proÐles. The value of (TVS) j 1@2 and the mean proÐle (in arbitrary units) are presented in the lower (°3.2.3) panel. The horizontal dashed line indicates the 55% variability detection threshold. All velocities are heliocentric.
Equivalent Width Variations
For each line, we have measured the equivalent width (EW) within a Ðxed wavelength range. As much as possible, this range was chosen in order to minimize the contribution of blends. The results (which were normalized for comparison) are shown for six selected lines in Figure 7 . Note that the plotted variations reÑect the net changes of emissivity after allowance for the continuum level changes. The EW variations reach a maximum value (20%) for He II j4542 and N V jj4604, 4620. Lower level changes are detected in He II j4686 and N IV j4058, while the variations observed in other lines (such as He II j4200 or N V j4945) are comparable with the measurement errors.
In the line proÐles corresponding to the Figure 8 , maximum and minimum EW values are plotted for four transitions. The di †erent responses to a change in the physical conditions are noticeable for the two Pickering lines He II j4200 and He II j4542. Since He II j4542 is blended with multiple lines of N III around 4513
we were com-Ó, pelled to restrict our measurements to the region 4526È 4578
Even if we account for a possible distinct behavior Ó. of the N III transitions, it seems unlikely that the amplitude of the EW variations can decrease sufficiently to remove the observed di †erence. As a possible explanation of this peculiarity one can invoke the argument of Leep, & Perry Conti, this line might be at the verge of the optically thick/ (1983) : thin case, exposing particular sensitivity to the variations of the continuum Ñux.
In the case of the doublet N V jj4604, 4620, the high amplitude of the observed EW variations can mostly be explained by the appearance and disappearance of the P Cygni absorption components According to (°3.2.2). Hillier collisional excitation is an important process in the (1988), formation of these lines. Therefore, they must be highly sensitive to the temperature Ñuctuations occurring at the base of the wind i.e., in the vicinity of the line (Fig. 1 In order to quantify the phase-related changes in the line asymmetry we have calculated the skewness of the (Fig. 2) , line proÐles :
Here, is the intensity of the line at the wavelength We I j j j . have measured the skewness above a given intensity in order to avoid the blended part of the proÐle. The results are plotted in for four selected transitions. The 1 Figure 9 day recurrence timescale inferred visually appears (°3.2.1.1) clearly for most of the lines (e.g., He II j4686), excluding N V j4945. This result is reminiscent of the 1 day recurrence timescale found in the EW of the UV absorption components by et al. and et al. No Willis (1989) St-Louis (1993). comparative information can be gained from these data since, for a given transition, both the amplitude and the shape of the curves depend on the chosen intensity level above which the skewness value was determined (compare the values of Figs. and for He II j4686 and He II j6560). Both measurements were performed for the intensity ranges 3È6.5 and 1.35È2.5 for He II j4686 and He II j6560, respectively. radial velocity variations are well known. The reliability of the results strongly depends on the method used as well as on its applicability range. Consequently, we excluded from our measurements the uppermost highly variable part of the proÐles, which does not reÑect in a straightforward manner (i.e., via orbital motion) a possible binary manifestation. We also excluded the lowest part in order to avoid the line wings and the blend contributions. The measurements were restricted to the ranges 3È6.5 and 1.35È2.5 of the continuum level for He II j4686 and He II j6560, respectively. Finally, instead of Gaussian Ðtting, we prefer the half-Ñux method, which measures the wavelength where the selected part of the proÐle is equally divided with respect to the line Ñux. Typical results for He II j4686 and He II j6560 are shown in the upper part of
The semi-amplitude of the Figure 10 . variations amounts to D100 km s~1. In both cases, this is signiÐcantly higher than the measurement errors (about 15 km
In the lower part of the Ðgure, we plot the skews~1).5 ness values calculated for the portion of the proÐle where the velocity measurements were performed (i.e., base and top excluded). We conclude that changes in the line proÐles are likely to contribute signiÐcantly to the radial velocities changes. Support for this comes from the 1 day recurrence timescale found in the radial velocity curves (upper part of suggesting that these data do not reÑect a P \ 3.77 Fig. 10) , day binary motion. Accordingly, we doubt the reliability of these measurements as a source to derive any eventual orbital parameters.
Full-Width at Half-Maximum Variations
In order to measure the full-width at half-maximum (FWHM), we Ðtted the di †erent lines by a Gaussian proÐle. For various representative line proÐle shapes, it was found that the measurements derived by this method correlate very well with the values directly measured on the proÐle. Typical deviations around the mean value are shown in for selected transitions. Three main conclusions Figure 11 can be drawn from this graph : (a) The semi-amplitude of the variations over one cycle is always quite large (of the order of 100 km s~1). (b) For all lines a clear phase-dependency of the FWHM is found with a 1 day recurrence timescale. N V j4945 is the only line that does not clearly show this pattern ; the latter could be due to the measurement uncertainties, which are considerably higher for this weak line. (c) Slight time delays appear between di †erent lines. We have chosen the phase location of the Ðrst maximum as a reference point. In the Ðrst group, consisting of He II j3968 and He II j4200, this maximum occurs at / D 0.1, whereas for FIG. 11 .ÈDeviations of the full width at half-maximum around the mean value for six selected transitions the other transitions (He II j4686, He II j5412 and He II j6560) it appears at / D 0.2. The existence of this time delay can be reinforced when one compares the location of the other local extrema for He II j3968 and He II j4686. This could be a consequence of the di †erent radial extensions of the line-formation regions in a WR wind (e.g., Niedzielski
In particular, He II j3968 and He II j4200 are formed 1994). deeper in the wind (maximum emissivity at 3È6 R c : Hillier P. Crowther 1995, private communication) than He II 1987 ; j4686 (D10 R c : Hillier 1987).
T he P Cygni ProÐle V ariability
Since the simultaneous UV observations have revealed dramatic changes in the P Cygni absorption components we searched for similar lpv in the optical P (WRMEGA), Cygni proÐles. Two lines in our sample clearly present a P Cygni absorption component : He I j3889 and N V j4604. Also of interest is He I j5876, but its absorption trough is severely blended with C IV j5806.
presents the temporal behavior of the He I Figure 12a j3889 absorption component. The variability pattern for this line shares many similarities with N IV j1718
During maximum light, the line develops an (WRMEGA). enhanced absorption trough at velocities above the estimated wind terminal velocity. Of importance is the fact that the maximum absorption strength at high negative velocities ([2000 km s~1) does not exactly coincides with the variability at intermediate negative velocities (D1400 km s~1), as was seen for the UV lines Rather, a (WRMEGA). lack of absorption at this velocity is observed with some delay, at / D 0.3 and 0.55.
Although the bluest part of the He I j5876 line does not reach the continuum level in EZ CMa, a violet displaced absorption component is clearly seen for WR stars of various subtypes (e.g.,
The gross variations Robert 1992). a †ecting the region where C IV j5806 and He I j5876 merge are thus most likely related to the variations of this helium absorption trough. The absorption is deepest at light curve maxima i.e., at / D 0.15, 0.45 and 0.90, gradually (Fig. 12b) , changing its location toward higher velocities, in close resemblance to He I j3889.
One of the most puzzling characteristics of the present series of spectra is the temporal variations of N V j4604, which gradually changes from a typical P Cygni proÐle to a pure emission-line proÐle on an hourly timescale. As illustrated in a weak absorption trough on the blue Figure 12c (1994) Duijsens both obtained in 1991 January, also supports this (1996), tight correlation. A subsequent paper (Morel et al., in preparation) based on a large data set of optical spectra secured over a much longer timescale will further conÐrm the long-term consistency of this result.
"" T emporal V ariance Spectrum ÏÏ Analysis
As shown in even a simple inspection by eye is Figure 2 , sufficient to roughly deduce the temporal behavior of the lpv. However, the precise characterization of these varia- tions could be greatly inÑuenced by the photon statistics in the region of interest. In order to rigorously estimate the signiÐcance of the lpv, we applied the "" temporal variance spectrum ÏÏ analysis (TVS ; Fullerton 1990). FIG. 13 .ÈIntensity of the N V j4604 line measured at 4588 Ó In order to describe the lpv for a collection of N spectra, we produced a reference spectrum as a mean weighted by S1 j the signal-to-noise in the continuum associated with each individual exposure. We placed the N rectiÐed spectra in a matrix S(i, j), where i and j denote the spectrum and the pixel (or wavelength bin) numbers, respectively. Then we have calculated the weighted di †erences :
where is the reciprocal of the rms S/N of the spectral p 0j time series (see et al. and are the eleFullerton 1996), p ij ments of the matrix giving the noise associated with the element In our case, we can reasonably assume that S ij . p ij is given by the Poisson statistics, i.e., by the square root of the count number (in electrons) accumulated at a given pixel. The overall variation for a collection of N spectra will be
where is introduced in order to eliminate any spurious p j cal variability induced by an imperfect wavelength calibration. Following this quantity can be Malanushenko (1988) expressed by the relation :
where is the derivative of the mean spectrum, and the +S1 j d j precision of the wavelength calibration in (we have esti-Ó mated to be 15 km s~1).
d N V j4945) , conÐrming that the high-velocity variability discussed in has a physical meaning.°3.2.1.1 In the following, we will discuss the ratio of to (TVS) j 1@2 the mean spectrum (hereafter p), which allows us to estimate the relative importance of the line-to-line variability. This quantity (dashed line, and expressed as the amplitude of the deviations as a percentage of the line intensity at a given wavelength) is overplotted on the mean spectrum in Figure  Several characteristics (Tables and  This is particularly  2 3). noticeable for He II j4686. Its red wing (around ]2140 km s~1 ; see displays an intense peak in the p spectrum ; Table 2 ) the size of the deviations amount to D6% of the line intensity at this velocity.
Since the great majority of optical transitions present a signiÐcant level of variability at high positive velocity, it is likely that the red-wing variability of C IV j5806 a †ects in some way the variability pattern of the absorption component of He I j5876 discussed in However, mainly°3.2.2.
FIG. 14.ÈSuperposition of the p spectrum (dashed line) and the mean spectrum (solid line, arbitrary units). Small imperfections of the wavelength calibration lead to spurious peaks at the location of the interstellar and telluric lines (for example around 6279 Ó). a In km s~1 and referred to the laboratory rest wavelength (note that the lines may have di †erent "" systemic ÏÏ velocities in a WR wind, e.g., the di †erence between N V and the He II lines may amount to about 350 km s~1 & Willis (Smith 1994) .
because of the similarities between the behavior of He I j5876 and He I j3889, we believe that the variations intrinsic to the He I absorption trough dominate in Figure 12c . In general, the relative amplitude of the lpv is higher for lines formed in the outer part of the wind. This is clearly demonstrated by the decrease of p along the He II Pickering sequence Interestingly, the integral of p over the (Fig. 14) . extent of a given transition is not correlated with the level of its EW variations (°3.2.1.2).
DISCUSSION
All our observations point to a strictly coherent phasedependent behavior of the variability over Ðve consecutive 3.77 day cycles and can be summarized as follows :
1. Extra emission subpeaks are found to travel across all the line proÐles
The bluest excursions of these fea- (Fig. 3) ; tures coincide with the light curve maxima (Fig. 4) .
2. The brightening of the star causes an increase of the EWs, although the amplitude of the EW variations is di †er-ent from line to line (Fig. 7) .
3. A 1 day recurrence timescale within the 3.77 day cycle appears in the FWHM, radial velocities, and skewness measurements (Figs. 9È11) .
4. For the He I transitions exposing a blue absorption edge, we observe an enhanced absorption at high velocities at maximum light (Figs. and 12a 12b). 5. The P Cygni absorption component of N V j4604 disappears as the star brightens (Fig. 12c) .
6. There are some zones of enhanced variability along the line proÐles (Fig. 14) .
For further discussion, we shall refer to the model of the "" unperturbed wind,ÏÏ i.e., the wind in (relative) absence of variability. The spectra obtained during the 1983 IUE campaign are particularly well suited for the creation of a reference spectrum for the "" quiet ÏÏ wind, since they were obtained during a relatively quiescent stellar state et (Willis al. Two N IV j1718 proÐles representative of the 1989).
low and high-velocity states (referring to the WRMEGA blueward extension of the P Cygni absorption components) are compared with the 1983 mean proÐle in Figure 15 . Although some di †erences are evident, the 1983 proÐle morphology resembles more the 1995 low-velocity state proÐle. Therefore, we conclude that the part of the envelope that is seen projected on the stellar disk between / D 0.5 and / D 0.8 is relatively unperturbed.
A Compact Companion ?
The assumption that the unperturbed wind is related to the minimum of the continuum Ñux has serious implications for the interpretation of the variability. Indeed, if the perturbations are caused by the presence of a compact companion, the latter would have to be placed in front of the WR star at / D 0.1È0.2 (i.e., at maximum light), as occurs in low-mass X-ray binaries (LMXRB ; Paradijs van 1983) . Without further advocating the similarity between our case FIG. 15 .ÈComparison between the representative proÐles of N IV j1718 for the low (thin line) and high-velocity states (dotted line) as observed by IUE in 1995 January, with the one of 1983 September (thick line). The 1995 spectra were corrected for the changes of the continuum Ñux (°2.2). and LMXRBs, we discuss below the binary scenario with the hypothetical companion in front at / D 0.1È0.2. If we assume the presence of a compact companion, we have to explain the simultaneous strengthening of the P Cygni absorption components of the He I transitions and the "" evaporation ÏÏ of the N V j4604 (and probably N V j4620) absorption components at / D 0.1È0.5 and / D 0.9. As the ionization cavity around a neutron star crosses the line of sight, one should observe a reduced absorptivity (or emissivity) at intermediate-to-high velocities accompanied by a reduced wind velocity (see The latter is in complete°1). contradiction to what we observe in EZ CMa : maximum light (hypothetical companion in front) corresponds to maximum wind velocity and our (WRMEGA Fig. 12 ). The inÑuence of the hypothetical companion on the EWs of the emission lines strictly depends on the location of the companionÏs orbit relative to the line formation zones et al.
In general, one expects a minimum (Marchenko 1996) . in the EWs of the He II (and probably He I) emission lines during the passage of the companion in front of the WR star. This is also not observed in EZ CMa.
Considering the fact that the deepest minimum in the light curve of wind-fed HMXRBs with negligible X-ray heating of the primary (which is expected for EZ CMa because of its low X-ray Ñux ; see below) occurs when the compact companion is in front (e.g., Paradijs, van Hammerschlag-Hensberge, & Zuiderwijk Gen-1978 ; van deren et al. one can argue that the 1981 ; Pakull 1983), companion is in fact in front at / D 0.6È0.7. This would be consistent with the decrease of the wind velocity at this phase, as well as the decrease of high-speed absorption in He I lines, but cannot account for the appearance of the absorption trough in N V j4604. Note also that this maximum of N V absorption at v D [900 km s~1 coincides with the maximum emissivity at the same velocity in the N IV and He II lines This virtually eliminates the (Fig. 3) . possibility of the companion being in front of the WR star at minimum continuum Ñux.
The Table 2 ). Both measurements indicate anticorrelated changes with correlation coefficients ranging from [0.44 (He II j4686) to [0.47 (He II j6560), i.e., being signiÐcant at a greater than 95% statistical level. At Ðrst sight, the interpretation is straightforward : the "" void ÏÏ in the WR wind at v \ [v p created by the X-ray source reappears at v \ ]v p , half an orbital phase later, causing the negative correlation at However, there is one fundamental diffiv \^v p . culty. Because of the low level of the observed X-ray Ñux, we expect the zone of the high ionization to be fairly restricted, with an especially well-deÐned edge at the side facing the densest parts of the wind (i.e., between the ionizing X-ray source and the WR star). This means that the position (in velocity space) of the "" void ÏÏ in the WR wind cannot depend on the line transition. However, we observe signiÐ-cant di †erences of the maxima of the TVS function at high positive/negative velocities in di †erent lines He II (Table 2 : j6560 vs. He II j4686). Moreover, the maximum of the TVS for He II j6560 at [1700 km s~1 is placed right at the minimum of the variability of N IV j1718 (compare with Fig. 3 of This indicates that the spatial loca-WRMEGA). tion of the "" void ÏÏ in the WR wind is transition-dependent. This cannot be reconciled with the strictly spatially limited zone shaped by the ionizing X-ray Ñux from the hypothetical companion.
Since the wind is strongly disrupted between / D 0.8 and / D 1.5 the azimuthal extension of the perturbed (Fig. 12c) , zone should be very substantial. This may occur if the compact companion is surrounded by a very large photoionized cavity. However, the low X-ray Ñux of EZ CMa argues against this conclusion. The other possibility is that the compact companion is trailed by some kind of disturbance such as a photoionization wake & (Fransson Fabian which would suggest some delayed reaction 1980), of the proÐles. However, this cannot Ðt the fact that the N V absorption trough vanishes starting from / D 0.8 (Fig. 12c) , i.e., long before the suggested passage of the companion in front of the WR star (/ D 0.1È0.2), and once again gains some strength for a short time at / D 0.0
Further- (Fig. 13) . more, the formation of a photoionization wake is only possible for systems with low ratio
). Since EZ CMa has a strong wind but is not a strong X-ray emitter, the formation of such a vastly extended structure is very unlikely, additionally owing to the high X-ray opacity of the WR wind.
Other facts are also difficult to account for in the context of the binary hypothesis :
1. The complex and epoch-dependent shape of the light curve is particularly difficult to reconcile with the binary interpretation. Wind-fed HMXRBs are generally characterized by a stable double-wave light curve shape, slightly distorted by reÑection e †ects (e.g., Hutchings 1974 ; van Paradijs et al. Zuiderwijk, & van Paradijs 1978 ; Tjemkes, In particular, the occasional complete lack of varia-1986). tions of EZ CMa et al. et al. (Firmani 1980 ; Duijsens 1996) is not common for HMXRBs. The same conclusion also applies to the polarization curves. The behavior of EZ CMa et al. is not typical for HMXRBs (e.g., (Robert 1992 ) Dolan & Tapia 1988).
2. A major drawback of the binary scenario arises also from the X-ray observations. The star was below the detection limit of the UHURU (2È6 keV) and HEAO-1 (10È25 keV) satellites, which implies an X-ray luminosity inferior to 1994) . The data can be well described by a thermal spectrum with keV. Both and are extremely low compared kT X D 0.5 L X T X to any HMXRB (e.g., White, & Kallman This Haberl, 1989) . discrepancy might arise from the di †erence in orbital parameters and stellar wind properties since the amount of material accreted onto a neutron star (and the X-ray luminosity) scales as where is the mass Ñux F ' a~2v~4, F ' at the primaryÏs surface, a is the binary separation, and v is the radial outÑow velocity at the neutron star location (e.g., et al. However, detailed calculations have Waters 1988) . shown that this is not a viable explanation for the observed 2 orders of magnitude deÐcit & Willis This (Stevens 1988) . dichotomy between the X-ray properties of HMXRBs and EZ CMa could then be viewed as signiÐcant. We note also that the same calculations applied to other wind-fed Vol. 482
HMXRBs were in reasonable agreement with the X-ray observations et al. (White 1985 ; Kaper 1993 Stella, 1986) . sion of gravitational energy into X-ray emission is much less efficient than usually assumed.
It seems, however, fairly contrived to invoke these mechanisms for which the efficiency is unknown. As for single early-type stars, the X-ray emission could merely be intrinsic to the stellar wind and result from shocks associated with dynamical instabilities et al.
In short, no (Baum 1992). Ðrm indication suggests at present that the X-ray emission of EZ CMa is particularly di †erent from that of bona Ðde single WR stars.
Finally, we question some arguments proposed in support of the duplicity of EZ CMa :
1. Since massive X-ray binaries are believed to be highvelocity objects Oijen it is of interest to deter-(van 1989), mine if EZ CMa is indeed a runaway star. This assertion was Ðrst proposed by who suggested that its Mo †at (1982), unusual height above the galactic plane for a Population I star (D315 pc for a distance of 1.8 kpc) arose from a possible recoil after a supernova explosion. However, EZ CMa is certainly dynamically associated with its surrounding ring nebula S 308, as well as with a cavity in the interstellar H I gas & Cappa Since the systemic radial (Arnal 1996) . velocity inferred for both objects shows little, if any, departure from the galactic rotation curve at this distance, the status of EZ CMa as a runaway star has since weakened et al. & Quintero & Cappa (Chu 1982 ; Pismis 1982 ; Arnal 1996) .
2. It was suggested (e.g., & Aslanov Cherepashchuk that the optical nebulae surrounding some WR stars 1984) could be a fossil product of secondary mass exchange in a massive binary system. However, recent hydrodynamical simulations Langer, & Mac Low (Garc• a-Segura, 1996) show that this process is not required to reproduce global nebular morphologies, as in the case of S 308.
Could the companion be a main-sequence star ? Since its mass should be about solar et al. this (Firmani 1980) , implies a very large initial mass ratio, which is unlikely Conti, & Massey Other arguments such (Garmany, 1980) . as : the softness of the X-ray emission (see & Long White the ragged and multipeaked shape of the skewness 1986), and radial velocity phase dependencies (see et al. Lewis and the complicated lpv pattern compared to the 1993), usual fairly smooth S-wave shape for binary systems seem to reject this possibility.
T oward an Interpretation
All the arguments presented above favor a variability induced by the rotational modulation of an inhomogeneous outÑow, as already suggested in Is it possible in WRMEGA. this context to account for points (1)È(6) listed at the beginning of this chapter ?
The point that certainly deserves the highest attention is the disappearance of the P Cygni absorption component of N V j4604 at / D 0.1È0.5. It is worth remembering that this line is formed in close vicinity of the stellar core : the outer boundary of the line formation zone can be put at r^10R c for a WN 5 star et al. . At this point, it might be relevant to examine the variation of the Sobolev line optical depth as a function of radial distance from the star r and azimuthal angle /. For a given transition (i ] j), this quantity can be expressed by the relation (k \ 1) :
Depending on the value of the angle /, the line optical depth will be the result of the competition between two quantitiesÈthe di †erence in the population of the atomic levels and the radial gradient of the outÑow velocity. n i , n j , Suppose that we observe a "" bright ÏÏ zone of the wind projected on the stellar disk. The only way to produce the disappearance of the nitrogen P Cygni absorption component is either to invoke a steeper velocity gradient in the region where the bulk of emission of N V jj4604, 4620 originates and/or to change the population levels. In fact, it is difficult to disentangle the contribution of both e †ects since the ionization/population balance and the velocity Ðeld are intimately linked in the radiation-driven wind theory.
We propose that the increase in the wind temperature occurring at the "" surface ÏÏ at / D 0.1È0.5 (deduced q D 2 3 from the color variations of the UV-optical continuum ; Fig. leads to a possible rearrangement of the ionization (for 1) N3`and lower stages) as well as the level population balance (overpopulating high levels) in the vicinity of the star. This in turn a †ects the magnitude of the radiative force since henceforth the new dominant ionic species have their transition wavelengths di †erently distributed with regard to the maximum of the emergent Ñux. The resulting changes in the velocity Ðeld, combined with a possible altering of the populations of the atomic levels of N4`, cause the replacement of the absorption component of N V j4604 by emission at v D [900 km s~1. Concerning the cause of the lpv occurring at velocities exceeding the wind terminal velocity, we note that the nitrogen transitions are important contributors to the radiative force acting in hot-star winds (see Table 5 of Therefore, a change in the opacity Abbott 1982). produced by the nitrogen (and possibly iron) ions in the coreÏs vicinity could lead to a redistribution of the momentum deposited by the radiative force throughout the large volume of the wind. In particular, at phases / D 0.1È0.5 (maximum Ñux), the far-UV transitions that contribute substantially to the Ñow acceleration might become relatively less opaque. This will lead in turn to an excess of momentum deposited in the remote parts of the wind, and acceleration of the wind beyond (compared to the quiet state). v = Because of this momentum deposition at large radii, the p spectrum reveals a high level of variability at high velocities Tables and  This could The morphological changes of the P Cygni absorption components (Figs. and can be related to the 12a 12b), pattern of variability in the pure emission lines A (Fig. 3) . careful look at shows that an excess of emission Figure 4 appears at v D [1600 km s~1 and v D [2300 km s~1 at / D 0.25, 0.55, 0.90 and 0.15, 0.45, respectively (these velocities are indicated by two dashed lines in this Ðgure). These are roughly the phases when we observe an excess of emission and an enhanced absorption at these velocities in Figures and Therefore, the observed P Cygni varia12a 12b. bility is likely to be due to the motion across the stellar disk of the same zones, which produce the extra emission features on the pure emission-line proÐles
The looplike (Fig. 3) . trajectories of the extra emission components suggest that they are involved in limb-to-center movement induced by the stellar rotation. This is reminiscent of the behavior of the corotating interacting regions in OB stars & (Cranmer Owocki In this context, note also the gradual 1996). increase of the velocity of the extra absorption seen in He I j5876 at / D 0.15, 0.45 and 0.9. (Fig. 12b ) Additionally, we suggest in accordance with et St-Louis al.
that the 1 day recurrence timescale found in the (1997), skewness and FWHM measurements highlights the reaction of the wind on the changing conditions at the base of the wind, i.e., on the variable Ñux emerging from the stellar core. These structures must be relatively long-(°3.2.1.5). lived in order to account for the 5 cycle stability found in our data, as well as for the light curve shape, which can keep the same global pattern on a monthly timescale et (Duijsens al.
In this context, however, the possible existence of 1996). magnetic activity for WR stars in conjunction with a presumable lack of surface convective zones remains to be explained.
Another possibility is that the wind of EZ CMa is controlled by a large-scale magnetic structure perhaps of fossil origin (e.g., Shore, & Sonneborn We note Brown, 1985) . that an interpretation of the variability of EZ CMa in terms of a bipolar density enhancement was already given by et al.
On the other hand, it has been Matthews (1992b). proven that early-type stars can possess complicated magnetic Ðeld conÐguration geometry as a result of the evolution of the fossil Ðeld & Landstreet In (Thompson 1985) . order to produce the strong-epoch dependency displayed by EZ CMa, this structure should be at some point variable, if not in global morphology, at least in local manifestations.
CONCLUSION
Beyond the difficulty of accounting for all the observational aspects presented in this paper, we believe that a relatively coherent picture can be drawn in terms of the rotation of a single WR star with a structured wind. This view is supported by spectropolarimetric studies that emphasized the distorted nature of the wind of EZ CMa (Schulte-Ladbeck et al.
A contrario, the binary 1991, 1992). hypothesis hardly Ðnds any support from our observations. In our interpretation, the variability is induced by the azimuthal dependency of the ionization balance and line opacities prevailing at the base of the outÑow. Since the altered opacity modiÐes the action of the radiative force, the wind is structured in zones di †ering by their dynamical and physical properties. The streams coming from the active zones at / D 0.1È0.5 and / D 0.9 possess di †erent proper-ties compared to the ambient wind. As they are carried by stellar rotation, this leads to the complicated pattern of lpv seen in our data. This is not surprising, considering the sensitivity of the P Cygni proÐles to changes in the wind conditions (e.g., & Lamers Castor 1979 ; Hamann 1980 ; & Howarth Prinja 1984) . These observations tend to support the "" windphotosphere connection ÏÏ for which a growing amount of evidence is now presented for O stars (e.g., & Howarth Reid Support for this assertion comes from the tight corre-1996) . lation between the changes of the UV continuum Ñux and spectroscopic variations et al. (WRMEGA ; Willis 1989) , which signiÐes that the changes at/near the stellar core drive the wind variability. Although (non)radial pulsations cannot be completely ruled out, magnetic Ðelds are serious candidates for controlling the morphology of EZ CMaÏs wind. To achieve a complete understanding of the physical processes operating in the envelope of early-type stars, it would be desirable to consider the possible inÑuence of large-scale or localized magnetic Ðeld structures on the wind properties. From this point of view, the search for magnetic Ðelds in these objects deserves serious and systematic attention. This could be, for example, accomplished via the detection of circular polarization in very high-resolution and high S/N spectropolarimetric data.
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